Toll-like receptors (TLRs) recognize molecular constituents of pathogens and activate host innate immune responses. TLR2 responds to Gram-positive organisms and components of their cell walls. TLR3 responds to double-stranded RNA (an intermediate in viral replication). A mouse macrophage cell line (RAW 264.7) and freshly obtained mouse peritoneal macrophages were treated in tissue culture for 5 or 10 h with either peptidoglycan (PGN; a TLR2 ligand, 1 lg/ml), polyinosinic:cytidylic acid (poly(I:C); a TLR3 ligand, 10 lg/ml), both PGN and poly(I:C), or neither. Total RNA was extracted, and RT-PCR was performed. A mouse model of preterm birth induced by intrauterine injection of TLR ligands was used to test in vivo effects. Compared to stimulation with either PGN or poly(I:C) alone, stimulation of macrophages with both ligands (whether simultaneously or sequentially) resulted in synergistic expression of inflammatory mediators, including inducible nitric oxide synthase, interleukin 1 beta, tumor necrosis factor alpha, and the chemokine CCL5 (RANTES). Using peritoneal macrophages obtained from mutant and control mice, this synergy was determined to be dependent upon TLR2 and the TLR-related intracellular adaptor proteins MYD88 and TICAM1 (TRIF). Simultaneous administration of both PGN and poly(I:C) to pregnant mice also produced dramatic synergy in the occurrence of preterm delivery. These results support a possible role for viral infection in preterm labor. Synergy in the mechanisms of parturition suggests the existence of a ''two-hit'' trigger mechanism that minimizes responses to stimuli of limited biological significance while providing an efficient amplification strategy for rapid activation of labor in response to multiple or more severe insults.
INTRODUCTION
Preterm birth is considered to be the most important cause of neonatal morbidity and mortality in developed countries, accounting for 60-80% of neonatal deaths not resulting from congenital anomalies [1] . The mechanisms underlying the onset of parturition in humans, whether physiologic or pathologic, are largely unknown. A significant proportion of preterm births occurs in association with microbial invasion of the gestational compartment, with the highest likelihood (estimated at 50% or more) in cases of extreme prematurity [2, 3] . The mechanisms by which microbial pathogens induce labor have not been fully elucidated; however. evidence supports key roles for several factors, including inflammatory cytokines and prostaglandins [4] . Newer data suggest an important role for signaling by toll-like receptors (TLRs) in bacterially induced labor [5] [6] [7] [8] [9] [10] [11] [12] .
The TLRs are membrane-bound proteins that activate the innate immune system by recognizing specific molecular signatures of various pathogens. Thus far, 13 TLRs have been identified in mammals. TLR2 mediates cellular responses to Gram-positive organisms via their membrane lipoproteins, glycolipids, and peptidoglycans [13] . TLR3 is involved in the response to viral infection by recognizing double-stranded RNA [14] , a replication intermediate of most viruses.
Once a TLR has been engaged by a ligand, a sequence of downstream signaling events occurs to activate the host response [15] . These signaling events progress via two main pathways and are classified according to the participation of an intracellular adaptor protein known as MYD88 (myeloid differentiation primary-response gene 88). All TLRs, with the exception of TLR3, signal via the ''MYD88-dependent'' pathway. TLR3 does not signal via MYD88 but, rather, uses the ''MYD88-independent'' pathway, via an alternate adaptor protein known as TICAM1 (TRIF, toll/interleukin [IL] 1 receptor-domain-containing adaptor protein inducing interferon beta [IFNB] ). Activation of either of these two pathways leads to expression of distinctive, yet partially overlapping, sets of inflammatory and other mediators, including nuclear factor kapa B (primarily activated via MYD88, with a late phase mediated by TICAM1) and both the chemokine CCL5 (RANTES) and interferon-dependent genes (primarily activated via TICAM1). TLR4 is the only TLR that signals via both the MYD88-dependent and the MYD88-independent pathways [16, 17] .
In the present study, we investigate the effects of combined stimulation of the MYD88-dependent and MYD88-independent pathways via activation of TLR2 and TLR3, respectively, both in vitro and in a mouse pregnancy model. Such combined stimulation might occur in nature in at least four scenarios: 1) engagement of TLR4; 2) activation of both TLR3 and another TLR simultaneously by a single organism (e.g., murine cytomegalovirus, herpes simplex virus, and Schistosoma mansoni [18, 19] ); 3) superinfection, in which a host is infected simultaneously by more than one microorganism, such as a virus and a bacterium; and 4) activation of TLRs by one of several known, endogenously produced TLR ligands together with an exogenous pathogen. We hypothesize that some cases of preterm birth in women involve one or more of these mechanisms.
MATERIALS AND METHODS

Reagents
Peptidoglycan (PGN), extracted from Staphylococcus aureus (Sigma Chemical Company), was suspended in PBS. Polyinosinic:cytidylic acid (poly(I:C); Amersham Biosciences) was dissolved in diethyl pyrocarbonatetreated water (Invitrogen). Frozen aliquots were thawed and diluted before use in experiments.
Cell Culture
Two sources of macrophages were used for cell culture experiments: 1) the mouse macrophage cell line RAW 264.7 (American Type Culture Collection TIB-71), and 2) thioglycolate-stimulated peritoneal macrophages freshly harvested as previously described [20] . Briefly, mice were injected intraperitoneally with 1 ml of 3% thioglycolate. Three days after injection, peritoneal exudate cells were isolated by washing the peritoneal cavity with 10 ml of icecold PBS. These cells were incubated for 2 h in tissue culture plates, and adherent cells were considered to be peritoneal macrophages.
RAW 264.7 cells were cultured in Dulbecco modified Eagle medium (high glucose; 11965-092; Gibco) supplemented with 10% fetal bovine serum, 1% streptomycin, and 1% penicillin in tissue culture flasks at 378C in 5% CO 2 /95% air and were passaged every 2 or 3 days to maintain logarithmic growth. Freshly isolated peritoneal macrophages were cultured under similar conditions, supplemented with 10 mM Hepes. Before each experiment, cells (4 3 10 5 cells/well) were plated in triplicate in six-well plates, incubated for 2 h, and then treated with either PBS, PGN (1 lg/ml), poly(I:C) (5 or 10 lg/ml), or both PGN and poly(I:C). For sequential incubations, medium was removed, and cells were washed three times with PBS before incubation with a second reagent. All tissue culture experiments were performed in triplicate and repeated three times.
Viability of cultured cells was assessed using trypan blue dye exclusion. For RAW 264.7 cells, viability before plating was 97% and 5 h after plating, viability was 95% for control (medium) treatment, 93.1% for PGN, 93.5% for poly(I:C), and 92.5% for PGN plus poly(I:C). For peritoneal macrophages, the corresponding viability values were as follows: preplating: 94%; after plating: control, 90%; PGN, 88.5%; poly(I:C), 89%; PGN plus poly(I:C), 86%. The postplating values are not statistically significantly different from each other.
RT-PCR Analysis
We evaluated the activation of TLR signaling pathways using RT-PCR by measuring the relative quantity of transcripts primarily under control of the MYD88-dependent pathway (IL1B and nitric oxide synthase [NOS2]), the MYD88-independent pathway (CCL5), and both pathways tumor necrosis factor (TNF). At the end of tissue culture experiments, medium was aspirated, and cells were washed once with PBS and then lysed in the wells with TRIzol reagent (Invitrogen) to extract total RNA according to the manufacturer's protocol. The cDNA was prepared using random primers and the Moloney Murine Leukemia Virus reverse transcriptase system (Invitrogen). All PCR primers and probes were purchased from Applied Biosystems (IL1B, Mm00434228; NOS2, Mm00440485; CCL5 (RANTES), Mm01302428; TNF, Mm00443258; TLR2, Mm00442354; TLR3, Mm01207403; Mouse glyceraldehyde 3-phosphate dehydrogenase [GAPDH; 203], 4452339E). Use of TaqMan PCR Reagent Kits was in accordance with the manufacturer's manual. Reactions occurred in a 10-ll mixture containing 0.5 ll of cDNA. Duplex RT-PCR was performed with one primer pair amplifying the gene of interest and the other an endogenous reference (GAPDH) in the same tube, with the exception of TLR3 (TLR3 and GAPDH were amplified in separate tubes because of relatively weaker performance of the TLR3 primer-probe set). Thermocycler parameters were 508C for 2 min, 958C for 10 min, and then 30 to 45 cycles at 958C for 15 sec and 608C for 1 min. Semiquantitative analysis of gene expression was done using the comparative CT (DDCT) method, normalizing expression of the gene of interest to that of GAPDH, with the FIG. 1. Synergy between TLR2 and TLR3 activation. RAW 264.7 cells were stimulated with either PBS, PGN (1 lg/ml), poly(I:C) (10 lg/ml), or both PGN and poly(I:C) for 5 h. Real-time PCR was performed for IL1B, NOS2, CCL5 (RANTES), TNF, TLR2, and TLR3, normalized to the housekeeping gene GAPDH and with average expression for the combined (PGN plus poly(I:C)) group in each case set to 100. Error bars represent mean 6 SD. P values were calculated for all four treatments simultaneously by ANOVA (n ¼ 3 replicates/condition). Depicted is a representative example from among three repeat experiments.
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Mice
All procedures involving animals were approved by the NorthShore University HealthSystem Animal Care and Use Committee and conformed to the Guide for Care and Use of Laboratory Animals (1996, National Academy of Sciences).
The following mouse strains were used: The CD1 outbred strain (Harlan), MYD88-deficient and TICAM1-deficient (both the kind gift of Professor Shizuo Akira), and MYD88/TICAM1 doubly-deficient (bred in house) and B6129/F2J wild-type controls (Jackson Laboratory, Bar Harbor, ME).
For pregnancy outcome experiments, CD1 mice in estrus were selected by the gross appearance of the vaginal epithelium and were impregnated naturally by CD1 males. Mating was confirmed by the presence of a vaginal plug. Intrauterine injections were performed on Day 14.5 of a 19-to 20-day gestation, as previously described [21] . Briefly, animals were anesthetized with 0.015 ml/g body weight of Avertin (2.5% tribromoethyl alcohol and 2.5% tertamyl alcohol in PBS). A 1.5-cm midline incision was made in the lower abdomen. In the mouse, the uterus is a bicornuate structure in which the fetuses are arranged in a ''beads-on-a-string'' pattern. A 100-ll solution containing either PGN (0.015-0.15 mg/mouse), poly(I:C) (0.05-0.5 mg/mouse), both, or neither was injected into the midsection of the right uterine horn at a site between two adjacent fetuses, taking care not to inject individual fetal sacs. Surgical procedures lasted approximately 10 min. The abdomen was closed in two layers, with 4-0 polyglactin sutures at the peritoneum and wound clips at the skin.
Animals recovered in individual, clean cages in the animal facility. Twicedaily observations were made for both preterm delivery and maternal health status. Preterm delivery was defined as the finding of at least one fetus in the cage or in the lower vagina within 48 h of surgery. Because cannibalization of pups by mothers is common, a sudden drop in maternal girth was seen as presumptive evidence of delivery, even if no fetuses were found. In all cases, this was confirmed at necropsy. Necropsies were performed either after delivery or, at the latest, by 48 h after inoculation. The number of fetuses delivered or remaining in utero and the survival status of these retained fetuses (as determined by cardiac or vascular pulsations visible in the fetal bodies or membranes) were recorded.
Statistical Analysis
Differences in gene expression between groups were assessed with Student t-test or ANOVA (for comparison of multiple variables). Categorical variables (e.g., occurrence of preterm birth) were analyzed using Fisher exact test or contingency tables. Differences were considered to be statistically significant when P , 0.05.
RESULTS
Costimulation with TLR2 and TLR3 Agonists and Synergy in Cytokine and Chemokine Expression of MYD88-Dependent and MYD88-Independent Effectors
The mouse macrophage cell line RAW 264.7 was stimulated in vitro for 5 h with either medium only or the TLR2 ligand PGN (1 lg/ml), the TLR3 ligand poly(I:C) (10 lg/ml), or PGN plus poly(I:C) (Fig. 1) . Costimulation of cells with both PGN and poly(I:C) resulted in synergistic expression of mRNA for IL1B, NOS2, CCL5 (RANTES), and TNF compared with either PGN or poly(I:C) alone. These transcripts
or poly(I:C). RAW 264.7 cells were treated in tissue culture with either PGN (1 lg/ml), poly(I:C) (10 lg/ ml), or both PGN and poly(I:C) either simultaneously or sequentially for 5-10 h. For sequential incubations, cultures were incubated with the first reagent for 5 h, washed with PBS, and then incubated for an additional 5 h with the second reagent. Real-time PCR was performed using GAPDH as a control gene. The average expression of combined treatment with PGN plus poly(I:C) for 5 h was set to 100. Error bars represent mean 6 SD. P values for the four treatment groups calculated by ANOVA are indicated separately for each set of culture conditions (n ¼ 3 replicates/ condition). Depicted is a representative example from among three repeat experiments.
TLR SYNERGY IN THE PATHOGENESIS OF PRETERM LABOR
were chosen because they are established markers of activation of TLR signaling pathways. Significantly, transcripts thought to be primarily controlled either via MYD88 (i.e., IL1B and NOS2), TICAM1 (CCL5), or both (TNF) were expressed in synergistic fashion. Both PGN and poly(I:C) induce the expression of TLR2 above background levels (P , 0.01). Thus, the mechanism of synergy between TLR2 and TLR3 may involve increased expression of TLR2. Tlr3 mRNA is induced by TLR3 activation but not by TLR2 activation.
Either TLR2 or TLR3 Engagement Can Prime Cells for Synergistic Activation Via the Alternate Ligand
We next tested whether synergy between TLR2 and TLR3 requires each of the respective ligands to be present simultaneously. Sequential stimulation was performed by incubating RAW 264.7 cells with either PGN or poly(I:C) for 5 h, followed by washing and incubation for an additional 5 h with the alternate ligand (Fig. 2) . These conditions were directly compared with both 5 and 10 h of single-and doubleligand exposure. Sequential stimulation with either PGN followed by poly(I:C) or with poly(I:C) followed by PGN induced synergistic expression of the same mRNAs as seen with simultaneous stimulation, albeit at lower levels. Thus, either PGN or poly(I:C) can prime cells for synergistic activation under the influence of the alternate ligand without the need for simultaneous exposure.
A Requirement for Functional TLR Signaling Pathways for Synergistic Effects of PGN and Poly(I:C)
Peritoneal macrophages freshly obtained from control, TLR2-deficient, MYD88-deficient, TICAM1-deficient, or MYD88/TICAM1 doubly-deficient mice were incubated with PGN and/or poly(I:C) (Fig. 3) . Absence of any of TLR2, MYD88, or TICAM1 abolishes synergistic expression of the inflammatory mediators IL1B, CCL5, and TNF. For these experiments, we analyzed one expression marker each primarily governed by the MYD88 pathway, the TICAM1 pathway, and both pathways (IL1B, CCL5, and TNF, respectively). The regulation of NOS2 parallels that of IL1B and, therefore, was omitted from this analysis. FIG. 3 . Synergy between PGN and poly(I:C) requires functional TLR2, MYD88, and TICAM1. Primary mouse peritoneal macrophages extracted from TLR2-deficient (Tlr2KO) and wild-type (C57BL/6J) control mice and from MYD88-deficient (Myd88-KO), TICAM1-deficient (Ticam1KO), doubly deficient (DBL KO), and wild-type (B6129F2/J) controls were stimulated with either PGN (1 lg/ml), poly(I:C) (10 lg/ml), or both for 5 h. Duplex RT-PCR was performed for IL1B, TNF, and CCL5 (RANTES), normalized to the housekeeping gene GAPDH. Means 6 SD are shown for triplicate wells. Average expression for wild-type macrophages treated with combined PGN plus poly(I:C) was set to 100. P values for the four treatment groups calculated by ANOVA are indicated separately for each genotype. Absent P values indicate unmeasurable values. Depicted is a representative example from among three repeat experiments.
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Although Il1b mRNA was primarily regulated via MYD88 and that of CCL5 primarily via TICAM1, the levels of each of these effector molecule mRNAs also seemed to be governed by the presence of the alternate pathway: The absence of TICAM1 diminished the effect of PGN on IL1B expression, and the absence of TLR2 diminished the effect of poly(I:C) on CCL5 expression. These observations suggest the existence of crosstalk between the MYD88-dependent and MYD88-independent pathways even with single TLR ligand exposure. In animals lacking both MYD88 and TICAM1, the tested transcripts were essentially nondetectable.
These data also confirm the specificity of PGN signaling through the TLR2 receptor and, conversely, show that the effects of poly(I:C) do not depend upon TLR2. The results suggest that cytokine upregulation was not caused by contamination of reagents with endotoxin (which, if present, would have been expected to increase cytokine/chemokine expression via TLR4 in animals mutated for TLR2, MYD88, or TICAM1).
Synergy in Preterm Delivery Because of Simultaneous Activation of TLR2 and TLR3
To test whether the in vitro synergistic relationship between TLR2 and TLR3 has an in vivo correlate, we injected the uteri of pregnant mice on Day 14.5 of a 19-to 20-day gestation with PGN, poly(I:C), both, or neither (Fig. 4A) . Intrauterine injection of various agents in mice has been used by our group and others to study pathogen-induced preterm birth [5, 8, [22] [23] [24] . Previous findings include the demonstration of a dosedependent effect of PGN and a limited effect of poly(I:C) on preterm delivery [8] . Sterile medium did not produce preterm birth in any of the animals tested. For this experiment, we selected a dose of PGN (0.15 mg/mouse) that induced preterm delivery in 22% of animals and a dose of poly(I:C) (0.5 mg/ mouse) that induced preterm delivery in only 14% of animals. The effect of combined PGN/poly(I:C) administration was synergistic, inducing delivery in 100% of subjects. Rates of preterm delivery using combined treatment became comparable to those achieved with single-agent injections only after a 10-fold reduction in combined dosage. A dose-response relationship was found between the combined PGN/poly(I:C) stimulus and time to delivery (Fig. 4B) . All pups were born dead.
DISCUSSION
In the present paper, we report that combined stimulation with TLR2 and TLR3 agonists leads to synergistic expression of both TLR2-dependent and TLR3-dependent proinflammatory mediators. We present evidence that this synergy is mediated, in part, via induction of TLR2 by both TLR2 and TLR3 and that pretreatment with either a TLR2 ligand or a TLR3 ligand can prime cells for a synergistic response to the alternate ligand. We further show that this synergy is mediated by and dependent upon MYD88 and TICAM1, and that an interaction between the MYD88-dependent and MYD88-independent pathways influences cytokine/chemokine responses following exposure to even a single TLR ligand. Finally, we demonstrate in vivo one of the consequences of such synergy-namely, a 10-fold increase in susceptibility to preterm delivery in a mouse model.
Acute infection within the gestational compartment may be life-threatening for the pregnant female. Therefore, infectioninduced preterm labor can be considered a strategy by which the host evacuates an infected body cavity, thus ensuring her own survival with retention of future reproductive potential. In this context, the existence of synergy in initiation of parturition may represent a ''two-hit'' trigger mechanism that minimizes responses to stimuli of limited biological significance (e.g., subclinical infection with a single organism) while providing an efficient amplification strategy for rapid activation of labor in response to multiple or more severe insults.
Given the observation that labor in general has certain elements characteristic of inflammatory processes [25] , we further hypothesize that synergistic activation of the innate immune system may play a role in noninfectious causes of preterm labor. In such cases, abnormal expression of one of several known, endogenously produced TLR ligands might prime the organism for a synergized reaction to a second insult (e.g., subclinical infection) that otherwise would not be expected to impact upon a normal pregnancy. At least two such candidate endogenous TLR ligands have potential relevance to pregnancy-namely, low-molecular-weight hyaluronan (a component of cervical extracellular matrix degraded during cervical ripening) [26, 27] and surfactant protein A [28] [29] [30] (a protein produced by the maturing fetal lung that acts as a hormone signaling the onset of parturition in mice [30] ).
The results demonstrating that TLR3 activation can participate in initiating parturition should prompt consideration of a possible role for viral infection in preterm birth. The evidence that viruses may cause preterm labor is scanty [31, 32]. However, the presence of viral pathogens within the gestational compartment likely is underestimated in clinical practice because of limitations in culturing and molecular methodologies. It is thus possible that viral infection plays a previously underappreciated role in culture-negative preterm labor.
Synergy between various pairs of TLRs has been reported previously [33] [34] [35] [36] [37] , as has upregulation of TLR2 protein in response to a variety of TLR ligands, including those for TLR2, TLR3, TLR4, and TLR9 [34] . For example, the production of nitrites and NOS2 as well as expression of TNF protein in macrophages cultured in vitro was synergistic when stimulated by lipopolysaccharide and various ligands for TLR2 [35] . The mechanism for this latter phenomenon involved induction of TLR2 both by TLR4 and by TLR2 itself. In contrast, no such induction was seen in the expression of TLR4 by either TLR4 or TLR2 ligands. In human airway smooth muscle cells, poly(I:C) induced increased expression of TLR2, TLR3, and TLR4 mRNA, and PGN induced the expression of TLR2 mRNA [38] . Thus, there appears to be a positive feedback loop in which TLR2 in particular is either autoinduced or is inducible by other TLRs. Combined activation of the MYD88-dependent and MYD88-independent (TICAM1-dependent) pathways appears to produce synergy, whereas activation of the MYD88 pathway only (by either alternate TLRs or by sequential exposure to TLR ligands) produces tolerance [39, 40] .
The specific interaction of TLR2 and TLR3 has been studied in murine bone marrow-derived dendritic cells [36] . TLR2 and TLR3 had a synergistic effect on production of the inflammatory cytokines TNF and IL6. Functional consequences of combined stimulation of dendritic cells as compared with treatment using either agent alone included enhanced production of interferon gamma by natural killer cells and proliferation of T cells. Varied effects on the expression of various proteins related to IL12 activity and function (i.e., synergy, no effect, or diminished effect) were found. Interestingly, TLR2 diminished the expression of the TLR3-induced, interferon-stimulated genes Mig/Cxcl9 (protein and mRNA), Ip10/Cxcl10, Ifit2 (Garg39) (mRNA), and Ifnb (mRNA but not protein). In our own data presented here and conducted in macrophages, the TLR3-dependent chemokine CCL5 mRNA was synergistically induced by combined TLR2 and TLR3 activation.
Despite decades of research, the incidence of preterm birth has not fallen in the United States and, indeed, has been rising in recent years. Currently, more than 12% of deliveries occur prematurely, with even higher proportions in African Americans. The perinatal mortality and both short-and long-term morbidity associated with preterm birth are very high, and the mechanisms underlying preterm labor remain largely unknown. A thorough understanding of these mechanisms may lead to effective interventions to either prevent or treat preterm labor. The present studies reinforce the growing body of evidence that TLR signaling is a key factor in this process.
